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 Excessive ethanol drinking is a major problem within the United States, causing 
alterations in brain plasticity and neurocognitive function. Astrocytes are glial cells that regulate 
neurosynaptic plasticity, modulate neurochemicals, and monitor other homeostatic roles. 
Astrocytes have been found to play a part in modulating excessive ethanol consumption. The bed 
nucleus of the stria terminalis (BNST)—known for processing stress and anxiety—is a brain 
region also implicated in modulating ethanol intake. Little is understood, however, about the role 
of BNST astrocytes in escalated ethanol drinking. In the present report, I utilized two separate 
animal models of excessive drinking: chronic intermittent ethanol (CIE) and “Drinking-in-the-
dark” (DID). Following these paradigms, animal brains were processed through 
immunohistochemistry (IHC) and stained for glial fibrillary acidic protein (GFAP). Collected 
data illustrated a sex-dependent relationship between ethanol intake and GFAP immunoreactivity 
(IR), primarily in males. These findings may implicate sex-dependent ethanol-induced changes 




 I give my thanks to my advisor, Todd E. Thiele, and the rest of the Thiele Lab, who have 
helped me throughout the entire journey of carrying out the research and completing this thesis.  
 v 
TABLE OF CONTENTS 
 
LIST OF FIGURES ....................................................................................................................... vi 
LIST OF ABBREVIATIONS ....................................................................................................... vii 
CHAPTER 1: CHRONIC INTERMITTENT AND BINGE-LIKE ETHANOL  
DRINKING PROCEDURES SEX-DEPENDENTLY BLUNT GLIAL 
FIBRILLARY ACIDIC PROTEIN IMMUNOREACTIVITY IN THE BED  
NUCLEUS OF THE STRIA TERMINALIS ................................................................................. 1 
 
Introduction .............................................................................................................................. 1 
Methods ................................................................................................................................... 3 
Animals ............................................................................................................................. 3 
Chronic Intermittent Ethanol (CIE) Paradigm ................................................................. 3 
“Drinking-in-the-Dark” (DID) Paradigm ......................................................................... 3 
Perfusions ......................................................................................................................... 4 
Immunohistochemistry ..................................................................................................... 4 
Statistical Analyses ........................................................................................................... 5 
Results ...................................................................................................................................... 6 
CIE Consumption ............................................................................................................. 6 
DID Consumption ............................................................................................................ 6 
Immunohistochemistry ..................................................................................................... 7 
Discussion ................................................................................................................................ 8 
REFERENCES ............................................................................................................................. 12 
  
 vi 
LIST OF FIGURES 
 
Figure 1 – Daily ethanol consumption during CIE procedures……………………………….....16 
 
Figure 2 – Weekly body weight measurements during CIE procedures………………………...16 
 
Figure 3 – Correlation between DID Day 4 ethanol consumption and subsequent 
 BEC measurements……………………………………………………………………....17 
 
Figure 4 – Relationship between CIE consumption and GFAP-IR………………………….......18 
 
Figure 5 – Relationship between DID consumption and GFAP-IR…………………………......19  
 vii 
LIST OF ABBREVIATIONS 
 
ANOVA Analysis of variance 
 
BEC  Blood ethanol concentration 
 
BNST  Bed nucleus of the stria terminalis 
 
CIE  Chronic intermittent ethanol 
 
CRF  Corticotropin-releasing factor 
 
DID  Drinking-in-the-dark 
 
dlBNST Dorsolateral bed nucleus of the stria terminalis 
 
GABA  Gamma-aminobutyric acid 
 
GAT-3  GABA transporter 3 
 
GFAP  Glial fibrillary acidic protein 
 
IR  Immunoreactivity 
 




NPY  Neuropeptide Y 
 
PBS  Phosphate buffer saline 
 
SEM  Standard error of the mean 
 
SNc  Substantia nigra pars compacta 
 
VTA  Ventral tegmental area 
  
 1 
CHAPTER 1: CHRONIC INTERMITTENT AND BINGE-LIKE ETHANOL DRINKING 
PROCEDURES SEX-DEPENDENTLY BLUNT GLIAL FIBRILLARY ACIDIC 





 The National Institute on Alcohol Abuse and Alcoholism (NIAAA) defines a binge cycle 
as a pattern of drinking which leads to blood ethanol concentrations (BECs) above 0.08%. This 
binge level is typically achieved within a 2-hour period with 4 or more drinks for women and 5 
or more drinks for men (NIAAA, 2004). The most common ages where individuals binge drink 
is 18-34 years old, but people of all ages partake in this form of excessive drinking (Kanny et al., 
2013). Repeated patterns of binge drinking can prompt changes in neuroplasticity, which 
subsequently alters brain function. These alterations can cause individuals to transition into 
heavier drinking patterns (Griffin et al., 2009), which, in turn, exacerbates neurocognitive 
deficiencies.  
Astrocytes are glial cells involved in maintaining synaptic plasticity, along with 
glutamate homeostasis, neuromodulation, and other functions (Allen & Barres, 2009). They have 
been found to play various roles in modulating ethanol consumption. Some rodent studies have 
shown that long-term ethanol consumption followed by a period of abstinence resulted in 
increased astrocyte activity, as measured by increased glial fibrillary acidic protein 
immunoreactivity (GFAP-IR; Miguel-Hidalgo, 2006; Kane et al., 2014). Other studies have 
demonstrated contrasting findings, in that long-term rodent exposure to ethanol followed by 
abstinence resulted in decreased GFAP-IR (Rintala et al., 2001; Bull et al., 2015). These 
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inconsistent findings necessitate the continual assessment of the neurobiological changes that 
occur during different forms of ethanol exposure. 
 Chronic intermittent ethanol (CIE) is an animal model paradigm that simulates the 
episodic drinking pattern and abstinent periods of alcoholics (Zhao et al., 2013). It provides 
animals with 24-hour access to a choice between water and 20% ethanol solution. 
Simultaneously, researchers are able to keep track of ethanol consumption and consummatory 
preference. This drinking model typically results in an escalation of ethanol consumption (Hwa 
et al., 2011; Griffin III, 2014). Another commonly used model for voluntary ethanol intake is the 
“Drinking-in-the-Dark” (DID) paradigm. Often used to model binge-like drinking behavior, it 
involves the animals having limited access (2 hours per day) to ethanol for four days. Repeating 
this practice results in their BECs reaching binge thresholds above 100 mg/dL (Rhodes et al., 
2005; Thiele et al., 2014). Both CIE and DID are reliable drinking models that produce robust 
results. 
 The bed nucleus of the stria terminalis (BNST) is a brain region responsible for 
processing stress, anxiety, and reward (Pleil et al., 2015). Research illustrates that 
pharmacological manipulations within the BNST modulate ethanol consumption (Eiler et al., 
2003; Pleil et al., 2015), and, in turn, ethanol drinking modulates BNST functionality (Kash et 
al., 2009). There are few publications that investigate the role of BNST astrocytes in ethanol 
consumption, let alone involving both CIE and DID paradigms. In the following report, I 
assessed and compared GFAP-IR in the BNST following excessive ethanol consumption from 







 Adult male and female C57BL/6J mice were obtained from Jackson Laboratories at the 
age of 8 weeks. Animals were individually housed in cages accredited by the AAALAC, with ad 
libitum access to water and Purina LabDiet® (St. Louis, MO). Circadian schedules followed a 
reversed 12-hour light:dark cycle, with lights off at 8:00 A.M. Environmental temperature was 
maintained at 22°C. Body weights were measured weekly, and cages were cleaned biweekly. 
Animals were allowed at least 1 week of acclimation prior to experimentation. 
Chronic Intermittent Ethanol (CIE) Paradigm 
 
Following the acclimation period, a cohort of 10 males and 10 females were divided into 
two drinking groups. Each group was individually housed in a two-bottle choice setting. The 
EtOH group received one bottle of 20% (v/v) ethanol and one bottle of tap water. The animals in 
this group were given 24-hour access to ethanol and water, then 24-hour access to only water. 
This cycle repeated for 5 days, after which animals were allowed 2 days of access to water 
before receiving ethanol again. Placement of the ethanol bottle was alternated every 48 hours to 
eliminate the possibility of a place preference. The control group received two bottles of tap 
water throughout the entirety of the experiment. CIE procedures lasted 5 weeks. 
“Drinking-in-the-Dark” (DID) Paradigm 
 
 Following acclimation, a cohort of 20 males and 20 females underwent a binge-like 
drinking model. Three hours into the dark cycle (11:00 A.M.), water bottles were removed from 
cages and replaced with sipper tubes containing either 20% (v/v) ethanol or tap water. Animals 
were allowed access to these sipper tubes for 2 hours before being replaced with home cage 
water bottles. This process repeated for 3 days; on the fourth day of DID, tail blood samples 
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were collected after the 2-hour procedure. These tail bloods allowed for the analysis of BECs. 




 Animals were transcardially perfused 48 hours or immediately after ethanol access for 
CIE and DID, respectively. Prior to perfusion, each animal received a 0.1mL intraperitoneal 
injection of ketamine/xylazine (6.67mg/0.1mL and 0.67mg/0.1mL in 0.9% saline). Using a 
peristaltic pump (Masterflex, Cole-Parmer, IL), 0.1M phosphate buffer saline (PBS) and 4% 
paraformaldehyde was perfused through each animal at a 4-minute and 7-minute rate, 
respectively. Brains were extracted from the animals and post-fixed in 4% paraformaldehyde for 
24-48 hours before being stored in cryopreserve. 
Immunohistochemistry 
 
 Brains were sectioned into 40-micron slices using a Vibratome (Leica VT1000S). 
Sections were washed in PBS and processed through antigen retrieval, which consisted of a 1-
hour incubation period in citrate buffer (10mM citric acid and .05% Tween20) at 66°C. After 
another PBS rinse, sections were blocked in 3% horse serum (3mL horse serum; 300µL Triton 
X-100; 96.7 mL PBS) for 1 hour. Sections were then placed in primary antibody (1:1000 anti-
GFAP rat monoclonal by ThermoFisher; 3.6mL horse serum; 360µL Triton X-100; 116 mL 
PBS) and incubated at 5°C for 72 hours. Sections were rinsed in PBS and placed in secondary 
antibody (1:1000 Alexa Fluor 488 donkey anti-rat by ThermoFisher; 3.6mL horse serum; 360µL 
Triton X-100; 116 mL PBS) and incubated at room temperature for 90 minutes. Lastly, sections 
were rinsed in PBS before being mounted onto glass slides and coverslipped with 
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SHUR/MOUNT mounting medium (General Data, OH). One set of sections was processed 
without primary antibody to account for fluorescence specificity of the secondary antibody. 
 Images of the dorsolateral BNST (dlBNST; bregma 0.38 to 0.14) were captured using 
wide field microscopy (Leica DM6000), and fluorescence was quantified using ImageJ (NIH, 
MD) software. GFAP-IR was calculated by the number of GFAP-positive cells averaged among 
3 images. Quantifications were completed by an experimenter blind to animal identifications. 
Statistical Analyses 
 
GraphPad Prism (GraphPad, CA) was the software used to analyze data and produce 
graphs. Data were reported as mean ± standard error of the mean (SEM). Three-way ANOVA 
(analysis of variance) assessed potential effects of sex, drinking group, and number of drinking 
weeks on animal body weights. Two-way ANOVA determined if there were effects of sex and 
drinking days on ethanol consumption in the CIE data, as well as possible effects of sex and 
drinking group on GFAP-IR in both CIE and DID. T-tests determined potential effects of either 
sex or drinking group on GFAP-IR. Pearson correlation assessed the relationship between 
ethanol intake and GFAP-IR. The findings in all datasets were considered significant if p-values 
were less than 0.05. Animals were removed from analysis if deemed to be significant outliers by 




CIE Consumption  
 
 Two-way ANOVA analysis showed there were main effects of both sex [F(1,112) = 
135.3, p < 0.0001] and number of drinking days [F(13,112) = 2.986, p < 0.001] on the amount of 
ethanol consumed by animals, alongside an interaction effect [F(13,112) = 2.128, p = 0.018]. 
Female mice increasingly drank more ethanol than male mice over the course of five weeks 
(Figure 1). Three-way ANOVA illustrated that drinking group did not significantly affect animal 
body weights [F(1,16) = 0.265, p = 0.614]; male mice consistently weighed more than females 
(Figure 2, [F(1,16) = 123.5, p < 0.0001]); and body weights significantly increased over the 
weeks [F(2.394,38.31) = 90.74, p < 0.0001]. There was one interacting effect (Week x Sex, 
[F(4,64) = 2.914, p = 0.028]) on body weights, but no other interacting effects (Drinking Group x 
Sex, [F(1,16) = 0.077, p = 0.785]; Week x Drinking Group [F(4,64) = 0.112, p = 0.978]; Week x 
Drinking Group x Sex [F(4,64) = 0.239, p = 0.915]). 
DID Consumption 
 
 Both male and female animals exceeded binge-like levels (above 80 mg/dL) of ethanol 
consumption on the day brains were collected, as measured by their BECs (176 ± 19.85 and 
166.8 ± 40.2, respectively). The average daily amount of ethanol (g/kg) consumed by males and 
females was 2.951 ± 0.112 and 3.172 ± 0.229, respectively. A Welch’s t-test demonstrated no 
differences in BECs [t(8.834) = 0.207, p = 0.841] or in average daily ethanol consumption 
[t(10.21) = 0.870, p = 0.404] based on sex. Correlation analyses showed that ethanol consumed 
during Day 4 of DID highly correlated with BECs for both males (Figure 3A, [r(6) = 0.76, p = 






 Two-way ANOVA revealed sex differences in CIE-modulated GFAP-IR in the dlBNST 
[F(1,16) = 5.921, p = 0.027], with female mice expressing fewer GFAP-positive cells than males 
(Figure 4A). There was a close trending effect of drinking group on GFAP-IR [F(1,16) = 4.358, 
p = 0.053] and no interaction (Sex x Drinking Group, [F(1,16) = 0.823, p = 0.378]). Negative 
correlations were observed between ethanol intake and GFAP-IR, particularly in male mice 
(Figure 4B, [r(3) = -.95, p = 0.013]). Analyses for the total sample supported this negative 
correlation [r(8) = -.70, p = 0.024], but the female sample showed no significant relationship 
[r(3) = .13, p = 0.832]. 
Within the DID cohort, two-way ANOVA showed no main effect of sex [F(1,28) = 
0.878, p = 0.357] or drinking group [F(1,28) = 0.598, p = 0.446] on GFAP-IR. But it revealed an 
interaction (Sex x Drinking Group) effect [F(1,28) = 5.357, p = 0.028]. Following this with 
Welch’s t-test demonstrated that ethanol-drinking males expressed fewer GFAP-positive cells 
(6.41 ± 0.65) than water-drinking males (9.37 ± 1.17; [t(12.46) = 2.212, p = 0.046], Figure 5A). 
There were no significant correlations (total sample, [r(15) = .13, p = 0.627]; male sample,  
[r(7) = -.38, p = 0.314]; female sample, [r(6) = .26, p = 0.532]) found between DID ethanol 




The data reflects that during CIE procedures, female mice increased the amount of 
ethanol they consumed over the 5-week timeframe. This increase in consumption differed from 
their male counterparts, who showed no significant change in their drinking amounts. It is 
commonly observed throughout the literature that female rodents consume more ethanol than 
males (Lancaster & Spiegel, 1992; Middaugh et al., 1999; Strong et al., 2010). It is also notable 
that the reported male consumption levels (average = 16.71 ± 0.501 g/kg) are comparable to 
those of the males in another CIE study, whose consumption levels peaked at 14.39 ± 0.35 g/kg 
(Hwa et al., 2015). Following CIE drinking, a significant negative correlation was observed 
between GFAP-IR and ethanol intake, particularly in male mice. Specifically, higher ethanol 
intake correlated with lower GFAP-IR. Female mice expressed lower GFAP-IR in the dlBNST 
than males. 
 During DID procedures, no sex differences were observed in the amount of ethanol 
consumed or BECs. Both males and females surpassed the threshold of binge-like drinking and 
maintained those measures throughout the study. Ethanol-drinking males expressed lower 
GFAP-IR than water-drinking males, but there were no observed differences found between 
female drinking groups. These results suggest that both chronic intermittent and binge-like 
ethanol drinking procedures sex-dependently blunt GFAP-IR in the dlBNST. 
The sex differences found in this report could be attributed to differences in brain region 
volume, GFAP expression, or both. A 1992 study found that the volume of the encapsulated 
region of the BNST was 97% greater in male rats compared to female rats. Of note, there were 
no observed differences in brain height or width, so the reported differences were specific to the 
subregion (Hines et al., 1992). A more recent study found that the principle nucleus of the BNST 
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had more volume in male rodents than females (Tsukahara & Morishita, 2020). Regarding 
GFAP-IR, one study determined both sex- and estrous-dependent differences in the rat 
hippocampus. Specifically, researchers found that GFAP-IR in the CA1, CA3, and dentate gyrus 
regions was higher in proestrus females than both diestrus females and males (Arias et al., 2009). 
Another study showed that the posterodorsal aspect of the medial amygdala, a region connected 
to the BNST, had a greater volume in males than females, as determined by GFAP staining (Pfau 
et al., 2016). When taken together, our findings are consistent with previous reports of greater 
brain GFAP expression in male—relative to female—rodents. 
As mentioned, the BNST is one of many brain regions implicated in excessive ethanol 
consumption. Scientific reviews show that it also plays a role in stress monitoring, anxiety, fear 
mediation, drug reinstatement, and relapse (Avery et al., 2016; Goode & Maren, 2017). As part 
of the extended amygdala, it projects both GABAergic and glutamatergic signals to the ventral 
tegmental area (VTA) and substantia nigra pars compacta (SNc), which, in turn, influences 
reward and reinforcement learning (Lovinger & Alvarez, 2017). Research exhibits the 
involvement of the BNST in ethanol-induced anxiolytic behavior (Sharko et al., 2016), and 
blocking GABA-A receptors in the BNST attenuates ethanol consumption (Eiler II & June, 
2007). Inhibition of corticotropin-releasing factor (CRF) neurons from the BNST to the VTA 
results in reduced ethanol consumption (Rinker et al., 2017); chemogenetic silencing of 
GABAergic neurons projecting from the BNST to the VTA also modulates ethanol drinking 
(Companion & Thiele, 2018). In turn, chronic ethanol exposure alters the functionality of both 
N-methyl-D-aspartate (NMDA) receptor (Kash et al., 2009) and neuropeptide (NPY) Y1 
receptor in the BNST (Pleil et al., 2015). Given our findings with GFAP-IR, along with the 
important roles of GABA, glutamate, NPY and CRF signaling in the BNST in modulating 
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neurobiological responses to stress and ethanol, it will be interesting to determine if astrocyte 
regulation of these neurochemicals (Maciejewski et al., 1996; Ramamoorthy & Whim, 2008; 
Chen et al., 2014; Schwarz et al., 2017; Lia et al., 2019; Mahmoud et al., 2019) are important 
mechanisms involved in excessive ethanol intake.  
There are some limitations and caveats present within this report. One such limitation is 
the difference in the amount of ethanol exposure between the two drinking paradigms, which 
may limit direct comparisons between studies. CIE granted 24-hour access for 3 days a week 
over 5 weeks, while DID drinking was limited to 2-hour access over a 4-day period for 3 weeks. 
This could contribute to the variance in GFAP-IR results. There was also a difference in the 
timing of animal sacrifice post-ethanol exposure. CIE animals were abstinent from ethanol for 48 
hours prior to being sacrificed, whereas DID animals were sacrificed immediately after their 
final exposure to ethanol. However, this concern is attenuated by the consistencies between 
studies, namely an association between reduced GFAP-IR and ethanol intake that was sex-
dependent in both studies. Another caveat stems from the lack of BEC data in the CIE study. 
Contrast to DID procedures, no tail blood samples were collected from CIE-exposed animals. 
The BECs from these tail bloods would confirm the high amount of ethanol present in the 
animals’ system. Thus, while we can confirm high levels of BEC in the DID study, we cannot 
directly make this confirmation in the CIE study. That being said, previous CIE studies in which 
mice achieved similar ethanol intake levels as we report here demonstrated that mice achieved 
biologically relevant BECs (Griffin et al., 2009; Broadwater et al., 2011; Hwa et al., 2011). 
The findings in this report contribute a small portion to the understanding of how 
astrocytes can be modulated by excessive ethanol consumption. But there are other topics of 
interest that can provide even more clarity. First, it is imperative to understand how astrocytic 
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regulation of glutamate and γ-aminobutyric acid (GABA) is influenced by ethanol. Glutamate 
and GABA are known to drive excitatory and inhibitory neuronal activity, respectively. Research 
shows that astrocytes collect (Wilhelm et al., 2016; Mahmoud et al., 2019) and release glutamate 
(Santello & Volterra, 2009; Woo et al., 2012), and they are able to store and release GABA as 
well (Le Meur et al., 2012; Kersanté et al., 2013). One study demonstrates the GABA transporter 
GAT-3, primarily found within astrocytes, increases sodium and calcium concentrations, which 
subsequently releases ATP/adenosine and inhibits glutamate signaling (Boddum et al., 2016). 
There is reason to believe that this transporter could be modulated by excessive ethanol drinking. 
It would be beneficial for researchers to monitor alcohol consumption following 
pharmacological manipulation of GAT-3. Second, it would serve to better understand the 
specificity of consummatory behavior on astrocyte activity, or GFAP-IR. Are the effects 
presented in this report specific to alcohol drinking? A separate study assessing the effects of 
sucrose drinking on GFAP-IR within chronic and binge-like paradigms could address this issue. 
Finally, it will be important to assess other ethanol-induced changes in astrocytes in addition to 
GFAP-IR, such as changes in astrocyte morphology. The reported sex-dependent ethanol-
induced changes in BNST astrocytes may be implicated as a therapeutic target for anxiety and 
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Figure 1: Daily ethanol consumption during CIE procedures. ”*” denotes a significant 












































Figure 2: Weekly body weight measurements during CIE procedures. 






























Male n = 8
r = 0.76
p=.028















Figure 3: Correlation between DID Day 4 ethanol consumption and subsequent BEC measurements. 










Figure 4: Relationship between CIE consumption and GFAP-IR. (A) Significant sex differences 
observed in the number of GFAP-positive cells in both ethanol- and water-drinking animals. (B) 
Significant negative correlations observed, particularly in male mice (right). Left and middle graphs 
illustrate total and female samples, respectively. (C) Photomicrographs of the dlBNST (outlined); 





Figure 5: Relationship between DID consumption and GFAP-IR. (A) Significant interaction 
observed, in that ethanol-consuming males expressed less GFAP-IR than water-drinking animals. (B) 
No significant correlations observed. Left, middle, and right graphs illustrate total, female, and male 
samples, respectively. (C) Photomicrographs of the dlBNST (outlined); from left to right: male water, 
male EtOH, female water, female EtOH. Taken at 20x magnification. 
